Dreaming is still poorly understood. Notably, its cerebral underpinning remains unclear. Neuropsychological studies have shown that lesions in the temporoparietal junction (TPJ) and/or the white matter of the medial prefrontal cortex (MPFC) lead to the global cessation of dream reports, suggesting that these regions of the default mode network have key roles in the dreaming process (forebrain 'dreamon' hypothesis). To test this hypothesis, we measured regional cerebral blood flow (rCBF) using [
INTRODUCTION
Despite recent advances (Wamsley et al, 2010; Dresler et al, 2011; Marzano et al, 2011; , the cerebral correlates of dreaming remain unclear (Maquet and Ruby, 2004 ; for reviews, see Hobson, 2005; Nir and Tononi, 2010; Ruby, 2011) . Since the 1950s, scientists have argued that rapid eye movement (REM) sleep is the neurophysiological state underlying dreaming (Aserinsky and Kleitman, 1953; Dement and Kleitman, 1957; Dement and Wolpert, 1958; Sastre and Jouvet, 1979) . On the basis of this hypothesis, scientists have investigated the regional cerebral blood flow (rCBF) during REM sleep to uncover the cerebral correlates of dreaming (eg, Maquet et al, 1996; Braun et al, 1998) .
However, the REM sleep hypothesis of dreaming has been challenged (Solms, 2000) . First, 10-20% of awakenings from REM sleep are not followed by a dream report, and a substantial proportion of awakenings from non-REM (NREM) sleep are followed by a dream report (mean 50%, range 0-75%; for a review, see Nielsen, 2000) . These results show that REM sleep is not a necessary condition for dream report to occur. Secondly, studies have shown that lesions in the temporoparietal junction (TPJ) and the white matter of the medial prefrontal cortex (MPFC) were associated with a cessation of dream reporting, with no REM sleep disturbance (Murri et al, 1985; Solms, 1997; Bischof and Bassetti, 2004) . These results suggest that REM sleep is not sufficient for dream report to occur. On the basis of these findings, Solms (2000) put forward the forebrain 'dream-on' hypothesis, proposing that dreaming and REM sleep are dissociable states, that is, that dreaming may occur in any sleep stage. Solms argued that dreaming is controlled through forebrain mechanisms involving at least TPJ and MPFC.
To test this hypothesis, we compared the brain activity ([ 15 O]H 2 O positron emission tomography (PET)) of healthy subjects with high and low dream recall frequencies (DRFs) (Goodenough et al, 1959; Lewis et al, 1966; during both wakefulness (rest) and sleep. To ensure that a great proportion of the subjects would sleep during the experiment, the subjects were sleep deprived the night before, and the data acquisition was scheduled in the afternoon, that is, after 30 h of wakefulness. Midafternoon corresponds to the peak of daytime sleepiness in humans (Lavie, 1986) . A 2-h midafternoon nap after 30 h of sleep deprivation result in a shortened sleep latency, reduced wake time after sleep onset, increased percentage of slow wave sleep (N3), reduced percentage of REM sleep, and shortened REM sleep latency (Benoit and Foret, 1992; Vgontzas et al, 2007) . This paradigm maximized the chance that the subjects would sleep in the scanner for a sufficient amount of time to acquire scans in all sleep stages. Moreover, the subjects underwent a neuropsychological assessment on the night of sleep deprivation to detect the potential cognitive or personality differences between the High (HR) and Low recaller (LR) groups (Figure 1 ).
MATERIALS AND METHODS

Subjects
The subjects were informed of the study through an announcement. The announcement briefly described the sleep study, and the subjects were unaware that DRF was the main criterion for inclusion in the study. To apply for the study, the subjects filled out a questionnaire (adapted from Goodenough et al, 1959 and Schredl, 2002 , 2004 concerning sleep and dream habits. On the basis of their answers, the subjects with high and low DRF (DRF superior to three dream recalls per week and inferior to two dream recalls per month, respectively) were selected for further consideration. The preselected subjects were interviewed on the phone. The experimenter defined a dream as being 'either a long and bizarre story, an image that vanishes rapidly, or a feeling of having dreamt.' Then, the following question was asked: 'Usually, how many mornings in the week do you wake up with a dream in mind?' Subjects who confirmed that they recalled dreams more often than 3 mornings in a week were selected as HRs, and those who confirmed that they recalled dreams less often than 1.25 mornings in a week were selected as LRs. In addition, we ensured that the subjects of the two groups did not differ in age, usual sleep duration (USD), and body mass index (BMI). A total of 41 healthy male volunteers were recruited (Supplementary Table S1 ). No subjects had a history of medical, neurological, or psychiatric disease and no individual was currently on medication. The subjects provided written informed consent according to the Declaration of Helsinki. The study was approved by the local ethics committee (CCPPRB, Centre Léon Bérard, Lyon, France), and the subjects were paid for participation.
Behavioral Tests
The night before the experiment, the subjects underwent total sleep deprivation. In the evening (between 2200 hours and midnight), the subjects were presented with various tests to assess the potential between group differences at the cognitive and personality levels (Schredl et al, 2003) . We used an implicit visual memory test (Cory and Ormiston, 1975) , the Embedded Figures Test (Witkin, 1950) , a depression scale (Pichot et al, 1984a, b) , the Mindful Attention Awareness Scale (Brown and Ryan, 2003) , the Attachment Styles Scale (Simpson, 1990; Bouthillier et al, 1996) , the Social Curiosity Scale (Renner, 2006) , and the Bortner Questionnaire (Bortner, 1969; Johnston and Shaper, 1983) to assess high-strung vs easy-going personalities. See Supplementary Data for a description of the behavioral tests.
Paradigm and Scanning Procedure
The experimental design is presented in Figure 1 . The subjects were scanned during sleep (N2, N3, and REM sleep were targeted) and post-sleep resting wakefulness. To increase the probability for sleep in the scanner, the subjects were deprived of sleep and scanned in the following afternoon. The subjects were asked to arrive in the sleep laboratory of the psychiatric hospital (Hopital du Vinatier, Figure 1 Experimental design. The subjects were sleep deprived the night before the positron emission tomography (PET) acquisition. In the evening, the subjects underwent a neuropsychological assessment. In the morning, an anatomical magnetic resonance imaging (MRI) was acquired. In the afternoon, the subjects were polysomnographically monitored in the PET scan during resting. The scans were acquired during resting in different sleep stages (N2, N3, and rapid eye movement (REM) sleep) and during post-sleep wakefulness. At the end of the experiment, the subjects (High recallers and Low recallers) were asked to recall their dreams.
Lyon, France) at 2230 hours the night before the experiment. The participants were maintained in an illuminated room (white neon light) with magazines, puzzles, DVDs, a laptop, and snacks (salted and soft biscuit, olives, water, and fruit juice). They were instructed not to sleep at any point through the entire night and to maintain as little physical activity as possible. Energy drinks were prohibited. The nurses kept an eye on the subjects throughout the night. The monitoring of body movements through wrist actigraphy (Cambridge Neuroscience, Cambridge, UK) enabled the experimenters to check in the morning that the subject did not fall asleep during the night. In the morning, the subjects were offered breakfast and a shower. They were then transferred to the neuroimaging center (CERMEP) to undergo a structural MRI (a T1-weighted three-dimensional MP-RAGE sequence acquired with a 1.5 T scanner; Siemens, Allegra, Erlangen, Germany). At approximately noon, the subjects were provided a simple meal (sandwich and desert). The PET session was initiated at 1300 hours, with the placing of electrodes for the recording of electroencephalogram (EEG), electromyogram (EMG), and electrooculogram (EOG). For the EEG recordings, four scalp electrodes were manually positioned according to the extended International 10-20 System (C3, C4, Cz, and Oz). The reference electrode was placed on the tip of the nose, and the ground electrode was placed on the forehead. The EOG was recorded from two electrodes placed on the supraorbital ridge of the left eye and the infraorbital ridge of the right eye. For the EMG, two electrodes were attached to the chin. The subjects were then installed in the PET scanner, and a venous catheter to administer the tracer was placed in an antecubital fossa vein of the left forearm. Head movements were minimized using a vacuum cushion. When the installation was finished, the light was switched off and the subject was given permission to sleep. A Neuroscan Compumedics system with Synamps DC-coupled amplifiers was used to amplify and visualize the EEG, EMG, and EOG signals. Online scoring of the polysomnographic data according to the standardized criteria (Rechtschaffen and Kales, 1968; Silber et al, 2007) was used to determine when to acquire the scans. We intended to acquire three PET rCBF scans per vigilance state of interest, that is, N2, N3, REM sleep, and post-sleep wakefulness. A Siemens CTI HR þ (63 slices, 15.2 cm axial field of view) tomograph with collimating septa retracted operating in the three-dimensional mode was used for PET acquisitions. Before scan acquisition, the measure for attenuation correction was performed using a 10-min 68 Ge transmission scan. When the experimenters considered that the vigilance state of the subject was stable, an intravenous bolus injection programmed to be of 333 MBq [ O]H 2 O activity was counted for 60 s. The 60-s mean activity image was reconstructed with attenuation, scatter, and random correction using a three-dimensional-filtered back projection algorithm (Hanning filter cutoff 0.5 pixel per cycle). The reconstructed volumes comprised 63 contiguous 2.42-mm-thick transaxial slices in a 128 Â 128 matrix of 2.01 Â 2.01 mm 2 pixels. The PET emission scans were considered as an index of brain rCBF (Raichle et al, 1983) . The PET scans were repeated with a minimal time interval of 10 min. Upon waking, the subjects were asked to report whether they had dreamt during their sleep in the scanner. If the answer was positive, the subjects were asked to fill out a questionnaire concerning the content of their dream.
Data Analysis
No anomalies were detected in the structural MRI. The PET images were analyzed voxel by voxel using Statistical Parametric Mapping (SPM8 software; Wellcome Department of Cognitive Neurology, London, UK) implemented in MATLAB (MathWorks, Natick, MA). For each subject, the images were realigned to the first scan to correct for head movements (rigid body registration with 6 degrees of freedom, 3 degrees for translation, and 3 degrees for rotation, implemented in the SPM8 software) and normalized into the MNI stereotaxic space using the [ 15 O]H 2 O PET template provided in SPM8. The data were smoothed using a Gaussian filter with a full-width half-maximum (FWHM) parameter set to 8 mm (Friston et al, 1995) . Each individual scans were masked out for voxels below 80% of the global mean of the scan. Voxel-based analysis was performed on the intersection of the individual masks. The statistical analysis included one fixed-effect analysis to assess condition effects (conditions: wakefulness, N2, N3, and REM) and four random-effect analyses to assess group differences (HR vs LR) in the different vigilance states (wakefulness, N2, N3, and REM). For the fixed-effect analysis, the analysis of variance included the condition, subject, and group effects and the intracerebral global mean, which was covaried out (flexible factorial design; total number of scans, 366: 73 N2 scans, 111 N3 scans, 44 REM sleep scans, and 138 wakefulness resting state scans; one subject was excluded from the analysis owing to large head movements between conditions). Post hoc contrasts were assessed to identify the significant difference between conditions, and were used to create SPM{t}maps. The SPM{t}maps were thresholded at po0.05 (corrected for multiple comparisons using familywise error rate (FWE)), t44.82, and k420 (extent threshold). Three contrasts were considered: REM sleep vs wakefulness, wakefulness vs REM sleep, and REM sleep vs N3. The random-effect statistical analyses comprised four between-group two-sample t-tests for the REM sleep (26 scans from HRs vs 20 scans from LRs), the N2 state (34 scans from HRs vs 43 scans from LRs), the N3 state (59 scans from HRs vs 55 scans from LRs), and the wakefulness state (79 scans from HRs vs 60 scans from LRs). The global differences in rCBF were covaried out in these comparisons (the equation used is presented in the Supplementary Data). This design has been used in previous studies to compare brain states between healthy subject and patient groups (Malaspina et al, 2004; Mazza et al, 2006; Coez et al, 2009; Silva et al, 2010) . The correction for multiple nonindependence of voxels was performed on the whole brain (FWE, p ¼ 0.05), and an extent threshold of k410 was applied. In addition, the FWE p-value threshold was divided by four to correct for multiple comparisons (the four between-group two-sample t-tests).
The anatomical identification was performed using the free Marina software (MAsks for Region of INterest Analysis, developed in the Bender Institute of Neuroimaging, Giessen, Germany; http://www.bion.de/) and the atlas of Duvernoy (1991) .
RESULTS
Behavioral Results
Thirty-seven subjects succeeded in sleeping in the scanner more than 15 minutes, 19 HRs and 18 LRs. The mean sleep duration in the PET scan was 108 ± 65 min for the HRs and 120 ± 64 min for the LRs (no significant difference). After awakening in the scanner, fewer LRs reported dreams than did HRs (40% of LRs and 90% of HRs reported a full or a white dream). Several characteristics of sleep and dreams in the scanner are reported in Supplementary Table S2 .
No significant differences were found between HRs and LRs in the tests used to assess memory, visual imagery, and personality traits. See Supplementary Data for more details.
PET Results
A total of 430 scans were acquired and 376 images were acquired during stable states of vigilance, as detailed in Tables S1 and S3) , we coherently observed no significant difference between the mean global activity of the HR and LR scans used for group comparisons (Supplementary Table S3 ). Figure S1 and Supplementary Tables S4-6) confirmed previous results (Braun et al, 1997 (Braun et al, , 1998 Maquet et al, 2005) and suggest that rCBF during sleep does not vary much whether sleep happens at night without previous sleep deprivation (Maquet et al, 2005) or during the afternoon after sleep deprivation (Braun et al, 1997 (Braun et al, , 1998 .
Effect of the state of vigilance. Contrasts between conditions (Supplementary
Effect of the group (HRs vs LRs).
The results of the contrast between HRs and LRs in different vigilance states are presented in Table 2 . As the aim of this study was to test whether activity in the TPJ and MPFC differed between HRs and LRs, only the results in these brain areas were considered.
We found that rCBF in the TPJ was higher in HRs than in LRs during REM sleep, N3, and the awake resting state. No rCBF difference in TPJ was observed between the two groups in N2. In MPFC, the rCBF was higher in HRs than in LRs during REM sleep and wakefulness. No rCBF difference in the MPFC was found between the two groups in N2 and N3 (Table 2 and 
DISCUSSION
This study reports, for the first time, functional neuroanatomical correlates of DRF in healthy subjects. Compared with LRs, HRs showed higher rCBF in the TPJ during REM sleep, N3, and wakefulness, and in the MPFC during REM sleep and wakefulness. No behavioral differences were observed between the two groups, that is, in implicit visual memory, visual imagery, and personality traits (mindful attention awareness, depression, attachment style, social curiosity, and type A/B personality scales).
From the REM Sleep Hypothesis of Dreaming to the Forebrain Hypothesis of Dreaming
At the end of the 1950s, scientists argued that REM sleep was the neurophysiological state underlying dreaming (Aserinsky and Kleitman, 1953; Dement and Kleitman, 1957; Dement and Wolpert, 1958; Sastre and Jouvet, 1979) . Indeed, 'the discovery of the brainstem mechanisms that control REM sleep (Jouvet, 1962; McCarley and Hobson, 1975) has led to the further inference that the same mechanisms control dreaming' (Solms, 2000, p 843 ). However, the REM sleep hypothesis of dreaming has been challenged, and Solms (2000) argued that dreaming and REM sleep are dissociable states. According to the Solms' forebrain 'dream-on' hypothesis, dreaming can occur in all sleep stages and is controlled through forebrain mechanisms involving, at least, the TPJ and MPFC. In the present study, we tested this hypothesis in healthy subjects and showed that HRs had higher rCBF in TPJ and MPFC than LRs during both sleep (including NREM sleep) and wakefulness. These results are consistent with those of our previous study showing ERP differences between HRs and LRs in all vigilance states and neuropsychological findings showing that lesions in the TPJ and the white matter of the MPFC lead to a total cessation of dream reporting (Solms, 1997) . Taken together, these results support the forebrain 'dream-on' hypothesis (Solms, 2000) and suggest that TPJ and MPFC have a key role not only in dream recall during wakefulness but also in the dreaming process during sleep.
Resting State Differences between HRs and LRs
During the resting state, the rCBF is not homogeneous. The set of brain regions showing the highest blood flow during rest was labeled default-mode network (DMN) Raichle et al, 2001) . The DMN comprises the MPFC, precuneus, TPJ, and temporal poles, and this network is characterized by high activity during the resting state (mind wandering) and reduced activity during goaldirected actions Raichle et al, 2001; Raichle and Mintun, 2006) and sleep (Baars et al, 2003) . The tendency for the mind to wander, as assessed through subjective reports, was positively correlated with activity in the DMN (Mason et al, 2007) . In the present study, while subjects were resting in the scanner, the rCBF was higher in HRs than in LRs in both the TPJ and MPFC during wakefulness. During sleep, the rCBF was higher in HRs than in LRs in the TPJ during REM sleep and N3, and in the MPFC during REM sleep. Thus, the two groups showed significant differences in two constituents of the DMN during both wakefulness and sleep, suggesting that the neural substrate of dreaming could be a subsystem of the DMN, as suggested previously (Domhoff, 2011) . During wakefulness, the increased activity in the DMN in HRs might be associated with increased wandering of the mind. Conversely, LRs would be less absorbed in their inner world than HRs. More precisely, according to a recent review proposing functional roles for the different brain regions of the DMN (Legrand and Ruby, 2009) , these results could suggest that HRs were more involved than LRs in episodic memory recall and evaluative processing.
On the basis of this interpretation of the functional results, one may conclude that HRs were deliberately involved in episodic memory recall during the wakefulness scans, as these subjects tried to remember their dreams. This hypothesis is, however, unlikely because both LRs and HRs were asked to try to remember the content of their dreams before the wakefulness scans, and all subjects might have tried to remember a dream (and recruit brain regions involved in episodic memory recall and evaluative processes), even if they failed to recall one.
Another possible interpretation is that these results reflect neurophysiological trait differences rather than strategy/task differences between HRs and LRs. Our previous ERP results , and the PET results showing that group differences in the DMN persist during sleep, support this hypothesis. Indeed, the group differences during sleep cannot be explained by group differences in explicit cognitive strategies, thus supporting the hypothesis of different functional organization of the brain in HRs and LRs. In other words, HRs and LRs likely have different neurophysiological traits, with the HRs' trait characterized by increased activity in the TPJ and MPFC. This neurophysiological profile would promote dream production and/or memory. How Variations in TPJ and MPFC Spontaneous Activity Influence DRF?
TPJ is involved in numerous cognitive tasks, such as perspective taking (Ruby and Decety, 2001 , 2004 , language (Price, 2010) , motor control (Peigneux et al, 2004) , mental imagery (Kosslyn et al, 2001) , episodic memory retrieval (Wagner et al, 2005) , and attention orientation (Corbetta et al, 2008; Holeckova et al, 2008; Shulman et al, 2010) . MPFC is involved in mind representations and evaluation (Legrand and Ruby, 2009) .
It is possible that the relatively smaller decrease in the activity in the TPJ during REM sleep and N3 in HRs facilitates the mental imagery of a dream. In REM sleep, HRs also showed higher rCBF than LRs in the MPFC. Several studies have shown that activity in the MPFC is higher in REM sleep than in N3 (Braun et al, 1997; Maquet et al, 2000) , and similar during wakefulness and REM sleep (Maquet et al, 2005) . During REM sleep, the relatively increased activity of this region, involved in the attribution of thoughts to characters, might facilitate the social and story-like attributes of REM dreams (eg, more characters appear in REM dreams compared with NREM dreams; Foulkes, 1962; Lewis et al, 1966; Hobson et al, 2000) in HRs. An increase of the social dimension of the dream might make it 'interesting,' which could facilitate its encoding in memory.
In an alternative hypothesis, TPJ's role in attentional processes may also participate in the DRF difference between HRs and LRs. The TPJ is coactivated with the dorsal network during stimulus-driven shifts of spatial attention, and TPJ activation is not restricted to stimulus-driven shifts of spatial attention, but rather occurs for a broad range of stimulusdriven transitions (Corbetta et al, 2008; Shulman et al, 2010) . Hence, from this perspective, owing to increased spontaneous activity in the TPJ, HRs might be more reactive to the environment than LRs during both wakefulness and sleep. We showed that it is indeed the case owing to an eventrelated potential study comparing the brain reactivity to first names presented rarely and randomly among pure tones in HRs and LRs. In response to first names, the attentionorienting brain response, known to recruit TPJ (Knight et al, 1989; Opitz et al, 1999; Holeckova et al, 2008) , was larger in HRs than in LRs during wakefulness, and the amplitude of this response was correlated to the total duration of intrasleep wakefulness. The greater brain reactivity (larger amplitude of the brain responses) in HRs vs LRs may explain that HRs show an increased duration of intrasleep wakefulness as compared with LRs ; see also Ruby et al, 2013) . The increase in intrasleep wakefulness in HRs could then explain their high DRF. Indeed, according to the hypothesis of Koulack and Goodenough (1976) , nocturnal awakenings facilitate the encoding of the dream in the memory, thereby facilitating the recall of dreaming upon awakening in the morning. One novelty of our results is to provide a possible explanation for why HRs present more and longer intrasleep wakefulness than LRs: an increased brain reactivity to stimuli in the environment through increased spontaneous activity in TPJ.
Future studies are needed to determine to what extent HRs and LRs differ in attentional abilities, using attentional blink (Raymond et al, 1992) and attention-orienting tasks (Holeckova et al, 2006 (Holeckova et al, , 2008 Eichenlaub et al, 2012) .
Potential Confounding Factors
Between-group behavioral and personality differences. rCBF differences observed between HRs and LRs in our study cannot be explained through obvious or large cognitive differences between the two groups. Consistent with previous studies, showing no clear cognitive difference between HRs and LRs (Blagrove and Pace-Schott, 2010; Ruby, 2011) , we observed no differences between the two groups in the tasks and scales assessed in our study (ability tested: implicit visual memory, embedded figure perception, verbal fluency, and mindful attention awareness; personality traits/style assessed: depression, attachment style, social curiosity, and type A/B).
Sleep deprivation. Given that sleep deprivation modifies recovery sleep parameters (see Introduction), our paradigm could have biased the results concerning the cerebral correlates of DRF. However, the following arguments argue against this hypothesis. First, sleep deprivation was applied to both HRs and LRs, as a consequence the specific effect of sleep deprivation should be cancelled in any comparison between the two groups. In addition, to our knowledge, no studies have provided arguments, suggesting an interaction effect between sleep deprivation and DRF. Coherently, no discrepancy in recovery sleep duration was observed between the two groups (Supplementary Table S2 ). Second, in our study, the results of the sleep stage effect (Supplementary Figure S1 ) match quite well with previous results (Braun et al, 1997 (Braun et al, , 1998 Maquet et al, 2005) , which suggests that rCBF during sleep is not very different whether sleep occurs at night without previous sleep deprivation or during the afternoon after sleep deprivation.
CONCLUSION
Our study demonstrates that differences in DRF are associated with differences in spontaneous brain activity in the TPJ and MPFC during both sleep and wakefulness. These results show that HRs and LRs have different functional organization of the brain during the resting state and thus different neurophysiological traits. The neurophysiological trait of HRs might facilitate dream production and/or dream memory. Notably, increased activity in the TPJ might facilitate attention orienting toward external stimuli and promote intrasleep wakefulness, thereby facilitating the encoding of the dreams in memory. In general, these results suggest that the spontaneous brain activity is closely associated with the psychological characteristics of the subject.
FUNDING AND DISCLOSURE
